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Daryl G. DeAngelis
Monsanto Research Corporation
A recently completed study has shown that emissions
of participate, carbon monoxide, and organics (including
polycyclic organic matter) are relatively high from
residential woodburning stoves and fireplaces when
compared to emissions from residential gas- and oil-
fired furnaces. Since these emissions include a number
of potentially hazardous compounds; the trend toward
greater residential wood usage can have a negative im-
pact on local ambient air quality. EPA is currently
studying ways to operate existing stoves and design new
stoves to minimize air pollutant emissions.
The Combustion Research Branch of EPA's Industrial En-
vironmental Research Laboratory in Research Triangle Park,
NC, has sponsored in-house and contract studies for the past
15 years to investigate the problem of reducing air pollutant
emissions from residential space heating combustion equip-
ment. Until recently the emphasis has been on natural gas-
and oil-fired equipment. However, with recent sharp rises in
the cost of heating oil, and to a lesser extent natural gas, many
Americans have switched to wood as a primary or secondary
source of heat. It is estimated that 1.5 million new fireplaces
and wood-burning stoves are being installed annually. Thus,
EPA has initiated studies to determine the effect on the en-
vironment of conversion to wood.
To assess properly the impact of increased wood combus-
tion for residential heating, EPA has initiated several projects.
One recently completed study1 was conducted by Monsanto
Research Corporation to quantify criteria pollutants and
characterize other atmospheric emissions from wood-fired
residential combustion equipment. A second study2 is being
conducted by Battelle-Columbus Laboratories to determine
the effect of operating variables and stove design on air pol-
lutant emissions. As a result of these studies follow-on work
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will be performed to determine the effect of combustion
modification, probably by design change, on emissions and
combustion efficiency. Another study3 is being performed at
Dartmouth College to analyze ambient air samples from an
area in which wood-burning equipment is widely used.
Major Findings of Characterization Study
The study by Monsanto1 was performed at Auburn Uni-
versity on three equipment types: a zero clearance fireplace,
and two airtight cast iron stoves (baffled and nonbaffled). The
stoves were capable of accepting about 15 kg (33 lb) of wood
per charge. Wood tested included red oak (seasoned and
green) and yellow pine (seasoned and green). Air pollutant
emissions sampled included carbon monoxide, nitrogen ox-
ides, sulfur oxides, organic species (including polycyclic or-
ganic matter), condensable organics, particulates, and trace
elements. Bioassay analyses were also performed on the stack
emissions and bottom ash.
Sampling Methods
Particulate mass measurements were made with the EPA
Method 5 sampling train with a backup filter between the
third and fourth impingers for collection of material which
passed through the system. Sulfur oxides were measured by
EPA Method 6. Nitrogen oxides were measured by EPA
Method 7. Concentrations of carbon monoxide, carbon diox-
ide, and oxygen were determined by EPA Method 3,
employing the Orsat technique. A Drager tube was used for
measuring CO emissions from fireplaces. The Ci — CQ hy-
drocarbons were sampled in Tedlar bags for analysis by a gas
chromatography flame ionization detector. Aldehydes were
measured by a technique designed for ambient sampling,4 and
modified for stack sampling by drawing flue gas through a 10%
aqueous sodium bisulfite solution.1 To screen for polycyclic
organic matter (POM), an ultraviolet fluorescence technique
was employed.5 A modified Method 5 procedure was used to
obtain samples of particulate, POM, and other organic
emissions. Also, a Source Assessment Sampling System
(SASS) train was used to sample for particulate mass and size
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Table I. Summary of emissions for criteria pollutants and POM's from wood-fired residential combustion equipment.1
Wood burning
device
Fireplace
Fireplace
Fireplace
Fireplace
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Wood type
Seasoned oak
Green oak
Seasoned pine
Green pine
Seasoned oak
Green oak
Seasoned pine
Green pine
Seasoned oak
Green oak
Seasoned pine
Green pine
Particu-
lates
2.3 (0.13)
2.5 (0.19)
1.8 (0.10)
2.9 (0.21)
3.0 (0.17)
2.5 (0.19)
3.9 (0.21)
7.0 (0.51)
2.5 (0.14)
1.8 (0.13)
2.0(0.11)
6.3 (0.46)
Emissions, g/kga (fig/J)
Volatile
Condensable hydrocarbo-
organics
6.3 (0.35)
5.4 (0.40)
5.9 (0.32)
9.1 (0.67)
4.0 (0.22)
3.8 (0.28)
4.1 (0.23)
12 (0.88)
6.0 (0.34)
3.3 (0.25)
5.6 (0.31)
10 (0.74)
ns
19(1.1)
2.8 (0.15)
0.3 (0.02)
3.0 (0.22)
NOX
2.4 (0.13)
1.9 (0.14)
1.4 (0.08)
1.7 (0.13)
0.4 (0.02)
0.7 (0.05)
0.5 (0.03)
0.8 (0.06)
0.4 (0.02)
0.5 (0.04)
0.2 (0.01)
0.4 (0.03)
sox
b
0.16(0.009)
0.24 (0.013)
CO
30 (1.7)
22(1.6)
21 (1.2)
15(1.1)
110(6.2)
120 (9.0)
270(15)
220 (16)
370 (21)
91 (6.8)
150 (8.2)
97(7.1)
POM
0.025 (0.0014)
0.036 (0.0026)
0.21 (0.012)
0.37 (0.020)
0.19(0.011)
0.32 (0.024)
a Units in g/kg refer to grams of pollutant per kilogram of fuel burned, with no allowance for moisture content.
b Blanks indicate no data were obtained.
distribution, trace elements, POM, and other organic com-
pounds, and to obtain bioassay samples.6-7 Samples of the test
wood were sent to Industrial Testing Laboratories of St. Louis,
MO, for proximate and ultimate analyses. Flue gas velocities
were determined by employing an "S" type pitot tube and a
Meriam micromanometer.
The wood-burning stoves were mounted on an electronic
scale which provided a digital readout of mass. Readings were
taken prior to and immediately after charging wood, and at
start-up and shutdown of various sampling trains to facilitate
emission factor determination.
Thermal Efficiency
Thermal efficiencies (useful heat recovered divided by heat
content of the wood) for the two stoves tested ranged from 40
to 60%. The fireplace had a maximum thermal efficiency of
about 23%.
Chemical Analyses Results
Average criteria pollutant and POM emissions for the three
wood-burning devices are presented in Table I for the four
woods tested. Test conditions are shown in Table II. The
airtight stoves had significantly higher emissions of CO and
POM, while NOX emissions were greater from the fireplace.
Other than higher organic emissions from green pine, wood
type was not a major variable. It should be noted that the re-
sults of this study only represent one set of combustion con-
ditions and there are many significant variables in the resi-
dential wood combustion process (e.g., air damper setting,
wood burning rate, log size, physical arrangement of the fuel,
and flame intensity). However, the conditions tested do rep-
resent a significant portion of the source population. The units
were operated with air dampers fully opened.
Other conclusions and observations included the fact that
there was no significant variation between particulate emis-
sions from the fireplace and wood stoves. Also, filterable
particulate emissions were determined to be organic (50 to 80%
carbon) and had resinous qualities. Condensable organic
emissions, ranging from 3.3 to 12 g/kg, were greater in mag-
nitude than the filterable particulates, often by a factor of two.
As expected, sulfur oxide emissions were very low («0.2 g/kg)
due to the low sulfur content of the wood (0.01%).
Trace element emissions were about 1 mg/kg, or less. Since
these values are two to three orders of magnitude lower than
typical concentrations in wood, it is assumed that most of the
elements remain in the ash.
Flue gas temperature measurements showed that the
combustion process is cyclic. Some emissions were affected
by this. CO varied by more than an order of magnitude during
combustion of one charge of wood, as shown in Figure 1. Av-
erage CO emissions ranged from 15 to 30 g/kg for the fireplace
and from 91 to 370 g/kg for the stoves. Butcher and Sorenson8
have shown that particulate emissions decrease during the
wood-burning cycle, as shown in Figure 2. On the other hand,
NOX emissions were relatively stable during the cycle. NOX
Table II. Summary of test conditions during testing of wood-fired residential combustion equipment.1
Wood burning
device
Fireplace
Fireplace
Fireplace
Fireplace
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Wood type
Seasoned oak
Green oak
Seasoned pine
Green pine
Seasoned oak
Green oak
Seasoned pine
Green pine
Seasoned oak
Green oak
Seasoned pine
Green pine
Wood burning rate,a
kg/min
0.18
0.17
0.19
0.16
0.14
0.11
0.12
0.10
0.13
0.11
0.12
0.13
Temperature,b
°C
152
207
236
207
307
300
378
247
384
240
304
305
Average stack gas conditions
Velocity,"
m/min
308
347
367
332
184
117
146
213
128
89
109
. I l l
Flow rate,b
Nm3/min
6.5
6.4
6.5
6.5
1.5
0.9
1.0
2.0
0.9
0.9
0.9
0.8
H2O,?
%
3.8
4.2
3.8
0.5
13
11
15
11
11
4
11
15
co 2 )
c
%
0.5
0.5
0.5
0.5
7.7
9.2
14
9.4
14
11
11
9.9
O2,
c
%
21
21
21
21
13
11
4.4
11
5.5
9.3
8.4
10
CO,C
%
0.07
0.05
0.04
0.04
0.7
1.1
2.8
0.9
2.8
1.0
1.6
1.5
a Average burning rate during EPA Method 5, POM, and SASS train operation.
h Determined from average EPA Method 5 data.
c Determined by Orsat and Drager tube.
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Figure 1. Carbon monoxide concentration in flue gas from a woodburning stove
as a function of time.1
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Figure 2. Emission during combustion of 2.27 kg of oak wood.8
from the fireplace averaged about 1.85 g/kg or four times that
of stoves which averaged about 0.5 g/kg.
In order to put the criteria pollutant emissions in perspec-
tive, Table III provides a comparison of emissions from gas,
oil, coal, and wood-fired space heating equipment. The table
clearly shows that CO and particulates are significantly higher
from wood-burning stoves and fireplaces than from gas- and
oil-fired residential sources. It should be noted that emissions
in Table HI are based on heat input values, and thus do not
take equipment efficiency into account. If efficiencies were
taken into account, the results would be even more dra-
matic.
Over 75 organic compounds were identified from flue gas
samples. Of these, 22 were POMs and the remainder were
mainly aldehydes, furans, phenols, and naphthalenes. The
POMs accounted for up to 35% of the mass of organics iden-
tified by GC mass spectroscopy. However, over 50% of the
organics were not chromatographable by GC/MS. This latter
material mainly consisted of high molecular weight organic
acids and fused ring aromatics (e.g., POMs with molecular
weights greater than 302).
Emissions for individual POM compounds and total POMs
which could be analyzed are presented in Table IV. Wood type
did not significantly influence POM emission, but total POM
was an order of magnitude lower for the fireplace than for the
stoves. This is consistent with the CO and NO* results which
indicate higher combustion temperature in the fireplace.
Emissions of POMs from wood combustion were high
compared to other residential heating fuels, even when com-
pared to coal-fired systems,1 therefore, POM emissions from
wood combustion will likely be of great environmental con-
cern.
The POM screening test, which gives results as a range, was
found to compare well with more quantitative measurements.
The results of the POM field screening tests are shown in
Table V with laboratory screening of the samples and the gas
chromatography/mass spectrometry (GC/MS) results of the
6 POM train samples. The results are in good agreement. The
variation which did occur is likely due to the different sam-
pling periods employed (30 to 60 min for the screening tests
vs. 60 to 120 min for the POM train) and the cyclic nature of
the wood-burning process.
Bioassay Analyses Results
Twelve SASS train runs were made to provide bioassay
samples (one for each test condition). Each SASS train run
resulted in 2 bioassay samples. One sample came from the
front half of the train (cyclone and filter catches and wash
residues). The second sample consisted of the extract from the
XAD-2 resin which is designed to catch organics. Twelve
samples of each were submitted for the Ames test (Salmo-
nella/microsome mutagenesis assay) and the CHO test (clonal
toxicity assay). Results are shown in Table VI.10 All of the flue
gas samples showed mutagenic activity and clonal toxicity.
The cytotoxicity results indicated that the combined organic
module rinse plus XAD-2 resin extracts were, as a group, more
toxic than the particulate catch extracts. The nonbaffled stove
samples were most toxic and the fireplace samples were less
toxic. Of the 24 samples tested, 21 were highly toxic.
Samples of combustion residue (ash) were also collected for
each test condition and 8 of the 12 were submitted for bioassay
analyses. The ash samples showed no mutagenic response and
exhibited either no toxicity or low toxicity.
The ash samples were also submitted for rabbit alveolar
macrophage (RAM) cytotoxicity assays. All four samples were
evaluated as having low toxicity. Also, ash samples were
submitted for freshwater toxicity assays. Both samples tested
had nondetectable toxicity.10
Ongoing Study of Combustion Variables
The above discussion makes it obvious that the effect of
variables such as air/fuel ratio, secondary air, physical ar-
rangement of the fuel, firing rate, combustion temperature,
and equipment design needs to be investigated further.
Therefore, EPA is sponsoring an ongoing study2 at Battelle-
Columbus Laboratories to evaluate these parameters.
Table III. Comparison of residential space heating emissions.
Fuel
Gas
Oil
Coal
Wood
(fireplace)
(stove)
Ref.
. 9
9
9
1
1
CO
0.02 (8.6)
0.04 (17.2)
3.46 (1488)
3.0 (1290)
22 (9460)
Emissions,
HC
0.01 (4.3)
0.01 (4.3)
0.77 (331)
2.6 (1118)
0.28 (120)b
,a lb/106 Btu (ng/J)
NOX (as NO2)
0.08 (34.4)
0.16 (68.8)
0.12(51.6)
0.25 (108)
0.07 (30.1)
Filterable
particulate
0.005-0.015 (2.15-6.45)
0.014 (6.02)
0.77 (331)
0.33 . (142)
0.5 (215)
a Emissions are based on heat input and do not take equipment efficiency into account.
b The hydrocarbon data for woodstoves were lower molecular weight hydrocarbons.
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Table IV. POM emissions,1 (g/kg).
POM compounds
Fireplace
Seasoned oak
POM
train
0.0082
0.0027
<0.0014a
<0.0014a
<0.0014a
<0.0014a
<0.0014a
b
<0.0014a
<0.0014a
<0.0014a
SASS
train
0.0114
0.0034
0.0011
0.0004
0.0026
0.0026
0.0023
0.0009
0.0010
0.0004
0.0020
0.0013
Green pine
POM
train
0.0069
0.0083
0.0014
0.0014
0.0016
0.0016
0.0016
0.0014
0.0014
0.0013
0.0014
0.0016
Baffled stove
Seasoned
oak
POM
train
0.0745
0.0211
0.0040
0.0032
0.0180
0.0156
0.0128
0.0048
0.0048
0.0016
0.0125
0.0062
Seasoned
pine
POM
train
0.1463
0.0510
0.0070
0.0086
0.0316
0.0240
0.0167
0.0067
0.0089
0.0023
0.0138
0.0104
Nonbaffled stove
Seasoned
oak
POM
train
0.0618
0.0167
0.0045
0.0030
0.0208
0.0169
0.0103
0.0047
0.0051
0.0016
0.0076
0.0062
Green pine
POM
train
0.1034
0.0513
0.0094
0.0047
0.0188
0.0188
0.0142
0.0047
0.0138
0.0046
0.0371
0.0048
SASS
train
0.0104
0.0028
0.0008
0.0002
0.0012
0.0013
0.0016
0.0004
0.0005
0.0002
0.0013
0.0009
Antracene/phenanthrene
Methyl-anthracenesAphenan-
threnes
C2-alkyl-anthracenes/-phenan-
threnes
Cyclopenta-anthracenesAphenan-
threnes
Fluoranthene
Pyrene
Methyl-fluoranthenes/-pyrenes
Benzo(ghi)fluoranthene
Cyclopenta[ed] pyrene
Benzo(c)phenanthrene
Benz(a)anthracene/chrysene
Methyl-benzanthracenes
-benzphenanthrenesAchrysenes
CValkyl-benzanthracenes/
-benzophenanthrenes/
-chrysenes
Benzofluoranthenes
Benzopyrenes/perylene
Methyl cholanthrene
Indeno(l,2,3-ed)pyrene
Benzo(ghi)perylene
Anthanthrene
Dibenzanthracenes/-phenanthrenes
Dibenzocarbazoles
Dibenzopyrenes
Totalc
0.009 0.0014 0.0055 0.0044 0.0037 0.0047 0.0005
<0.0014a
<0.0014a
0.0249
0.0022
0.0017
0.0013
0.0003
0.0007
0.0365
0.0016
0.0014
0.0015
0.00005
0.0001
0.0360
0.0128
0.0083
0.00007
0.0045
0.0007
0.0011
0.2121
0.0159
0.0116
0.0099
0.0014
0.0010
0.3715
0.0112
0.0084
0.0043
0.0010
0.0007
0.1885
0.0141
0.0094
0.0048
0.00005
0.00002
0.3187
0.0015
0.0011
0.0011
0.0002
0.0005
0.0265
a Compound was identified but not quantified because of the detection limits of the analytical method.
b Blanks indicate POM compound not detected.
c The detection limit was taken as the emission factor for compounds that were identified but not quantified.
The objective of this study is to review the state-of-the-art,
select equipment for tests, characterize emissions under a
variety of operating conditions, and identify potential com-
bustion modifications to reduce emissions. In addition to a
literature search, Battelle is reviewing ongoing work by others
(e.g., EPA, DOE, Canadian Combustion Research Labora-
tories, other federal and state agencies, and universities). They
are also surveying available designs of woodburning equip-
ment.
Based on the survey, stoves of three different designs will
be tested. Tests will be run under different modes of operation
with a variety of hardwoods and softwoods. Chemical, phys-
ical, and biological analyses will be conducted. Continuous
measurements will be made of NO*, SO2, HC, CO, CO2, and
O2. POM will be screened and measured by the same tech-
niques that Monsanto used, as described previously. Other
measurements will include: total chromatographic hydro-
carbons, dioxins, smoke, particulate mass and size distribu-
tion, fine particle analysis, and analysis of creosote and soot
deposits. Limited bioassay analyses will be performed.
The equipment shall be modified, as necessary, to provide
for flexibility in choice of combustion modification condi-
tions.
Correlation with Ambient Air Samples
In order to determine how emissions sampled from the flues
of wood-burning equipment compare with ambient samples,
EPA has awarded a research grant3 to Dartmouth College.
Ambient samples will be collected in a rural New England
village where wood is the primary fuel for space heating. The
study is designed to determine whether the same organic
compounds found by Monsanto are also found in the ambient
atmosphere. The grant is scheduled for completion by the Fall
of 1981.
Conclusions
The Monsanto study provides the most comprehensive data
on emissions from residential woodburning devices available
to date. Even though the results apply only to the equipment
and fuels tested, they do represent a significant portion of the
source population. Also, from an emissions viewpoint the one
set of excess air conditions tested represent "good" operating
practice. Operation under starved air conditions would be
expected to result in significantly higher emission levels.
The study provided some interesting findings. No signifi-
cant differences were found in criteria pollutant emissions or
efficiencies between the baffled and nonbaffled stoves. Table
V indicates that POM emissions were higher from the baffled
stove. This shows that, at least for the designs and conditions
tested, the baffled stove did not improve combustion. This
may, or may not, be true for other baffled stove designs.
Of the four woods tested only yellow pine in the green state
had any noticeable effect on emissions. Particulate, con-
densable organic, and POM emissions were all higher with
green pine, but usually by less than a factor of three.
The results showed that conditions were more favorable for
complete combustion in the fireplace than in the stoves. This
is most likely due to a higher level of excess air and possibly
due to more uniform air distribution.
It is evident from the study that organic emissions are rel-
atively high. Since these emissions include a number of po-
tentially hazardous compounds, such as aldehydes and POMs,
the trend toward greater residential wood usage can have a
negative impact on local ambient air quality. Even though
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Table V. Flue gas POM concentrations by UV fluorescence screening8 of grab samples versus conventional1 sampling and analysis, (jug/
m3).b
Combustion
equipment
Fireplace
Fireplace
Fireplace
Fireplace
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Nonbaffied stove
Nonbaffled stove
Nonbaffied stove
Nonbaffled stove
Wood type
Seasoned oak
Green oak
Seasoned pine
Green pine
Seasoned oak
Green oak
Seasoned pine
Green pine
Seasoned oak
Green oak
Seasoned pine
Green pine
Field results
430-4,300
200-2,000
40-430
410-4,100
110-1,100
5,000-50,000
44,000-440,000
210-2,100
60-600
430-4,300
20-220
430-4,300
POM screening results
Laboratory
test I
220-2,200
200-2,000
40-430
410-4,100
110-1,100
2,500-25,000
44,000-440,000
110-1,100
20-200
40-430
20-220
20-220
Laboratory
test II
200-2,200
400-4,000
20-220
210-2,100
110-1,100
5,000-50,000
44,000-440,000
110-1,100
40-390
40-430
20-220
40-430
GC/MS results
of POM
train samples
450
c
530
12,000
21,000
9,800
16,000
a Test procedure was based on visual observation and was at best semiquantitative; as a result POM concentrations are expressed as a range.
Agreement between laboratory and field measurements indicates reproducibility in observation of fluorescent intensity.
b Micrograms of POM per actual cubic meter of flue gas.
c Blanks indicate no data were obtained. •
Table VI. Results of bioassays performed on SASS and combustion residue samples.10
Sample
codea
A-1 (1)
A-1 (2)
A-1 (3)
A-2 (1)
A-2 (2)
A-2 (3)
A-3 (1)
A-3 (2)
A-3 (3)
A-4 (1)
A-4 (2)
B-l (1)
B-l (2)
B-2(l)
B-2 (2)
B-2 (3)
B-3 (1)
B-3 (2)
B-3 (3)
B-4 (1)
B-4 (2)
C-l (1)
C-l (2)
C-2(l)
C-2 (2)
C-2 (3)
C-3(l)
C-3 (2)
C-3 (3)
C-4 (1)
C-4 (2)
C-4 (3)
Combustion
equipment
Fireplace
Fireplace
Fireplace
Fireplace
Fireplace
Fireplace
Fireplace
Fireplace
Fireplace
Fireplace
Fireplace
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Baffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Nonbaffled stove
Wood type
Seasoned oak
Seasoned oak
Seasoned oak
Green oak
Green oak
Green oak
Seasoned pine
Seasoned pine
Seasoned pine
Green pine
Green pine
Seasoned oak
Seasoned oak
Green oak
Green oak
Green oak
Seasoned pine
Seasoned pine
Seasoned pine
Green pine
Green pine
Seasoned oak
Seasoned oak
Green oak
Green oak
Green oak
Seasoned pine
Seasoned pine
Seasoned pine
Green pine
Green pine
Green pine
Ames
mutagenicity1'
+ .
.+ •
-
+
+
+
+
+
+
+
+
+
+
-
+
+ '
—
+
+
+
+
+
+
+
+
+
+
-
Bioassay test
CHO clonal
toxicityc RAMC '
H d
H
L
H
H
H/M
H
H
H
M
H
H
H
L
H
H
L
H/M
H
H
H
H
H
H
H
H
H
Acute
rodent
quantalc
NT
NT
Freshwater
daphniac
ND
ND
a Corresponds to the following sample fractions: (1) particulate catch extract, supplied to LBI as methylene chloride solutions; (2) combined
organic module rinse and XAD-2 extract, supplied to LBI as dimethyl sulfoxide solutions; (3) combustion residue (bottom ash), supplied to
LBI as dry particulates.
b "+" designates mutagenic activity; "—" designates no mutagenic activity.
c ND, no detectable toxicity; NT, not tested; L, low toxicity; M, moderate toxicity; H, high toxicity.
d Blanks indicate samples were not submitted for testing.
866 Journal of the Air Pollution Control Association
wood stoves are more thermally efficient than fireplaces, their
increased usage has the potential for creating serious air
quality problems. Clearly, the environmental impact of in-
creased residential wood combustion needs to be thoroughly
evaluated.
On the positive side, the Monsanto study showed that
combustion residue (ash) is not a serious problem. The ash
samples tested were not mutagenic and had either low toxicity
or no toxicity.
Hopefully, ongoing and future studies, such as the Battelle
study, will provide some solutions to the emission problem.
Through proper redesign, and modification of the combustion
process, wood stoves may be able to operate with acceptable
emission levels, and more efficiently. More complete com-
bustion would not only reduce organic emissions, but would
improve efficiency. The study should also provide insight
about ways to operate existing stoves to minimize air pollutant
emissions.
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